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While the zebraﬁsh (Danio rerio) continues to become an important animal model for the investigation of the genetic and physiolog-
ical bases of visual processing of the vertebrate retina, its visual behavior, particularly regarding color processing, has received little
attention. The purpose of this study was to obtain behavioral spectral sensitivity functions from adult zebraﬁsh using an appetitive
instrumental conditioning procedure. A three-chamber maze was implemented to train light-adapted adult zebraﬁsh to swim into the
chamber that contained a suprathreshold monochromatic stimulus for a food reward. Visual threshold was determined by varying
the stimulus irradiance using a ‘two-down one-up’ staircase procedure. Threshold values were obtained for wavelengths from 340 to
640 nm. Spectral sensitivity functions obtained show contributions from two nonopponent cone mechanisms (UV and S) and two oppo-
nent mechanisms (M–S and L–M). These cone mechanisms are qualitatively similar to those obtained via physiological measures from
the On-responses of the zebraﬁsh retina and optic tectum. However, the functions are not quantitatively similar suggesting that further
visual processing takes place beyond the processing of the retinal circuitry and processing of the initial stages of the optic tectum. These
results demonstrate that the zebraﬁsh is an excellent model to examine and compare the relationship between physiological and behav-
ioral color processing.
 2006 Published by Elsevier Ltd.
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For an animal to have color vision its retina must pos-
sess at least two distinct cone types and the neural circuitry
that compares the cone inputs (Jacobs, 1981). A psycho-
physical analysis of color vision is one way to assess the
perceptual output of the physiological actions of neurons
during visual processing. There have been many behavioral
assays of spectral sensitivity in various ﬁsh species (see
Douglas & Hawryshyn, 1990 for a review). From these
studies, it appears that color vision is prevalent in many
ﬁsh species.
The zebraﬁsh (Danio rerio) has become an important
model of the visual system (Bilotta & Saszik, 2001; Neu-0042-6989/$ - see front matter  2006 Published by Elsevier Ltd.
doi:10.1016/j.visres.2005.12.014
* Corresponding author. Fax: +1 270 745 6934.
E-mail address: Elizabeth.Lemerise@wku.edu (E. Lemerise).hauss et al., 1999). Its retina possesses the same neuronal
types as other vertebrates (Dowling, 1987). Anatomically,
the adult zebraﬁsh retina possesses short-single cones
(SSC), long-single cones (LSC), double cones (DC) and
rods. Each cone type contains a speciﬁc photopigment with
a diﬀerent kmax making each maximally sensitive to a diﬀer-
ent portion of the spectrum (e.g., Robinson, Schmitt, Har-
osi, Reece, & Dowling, 1993).
Hughes, Saszik, Bilotta, DeMarco, and Patterson (1998)
assessed the cone contributions of light-adapted zebraﬁsh
to the electroretinogram (ERG) b-wave from 320 to
640 nm. The ERG b-wave is a voltage positive response
believed to represent activity from On-bipolar cells as well
as from Oﬀ-bipolar cells (Sieving, Murayama, & Naaren-
dorp, 1994) and third-order neurons (Wurziger, Lichten-
berger, & Hanitzsch, 2001). The results showed that the
b-wave spectral sensitivity function possessed maximal
Fig. 1. Schematic of the behavioral apparatus. All values are in mm. See
text for details.
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two troughs or notches in sensitivity in the function at
460 and 540 nm. While these sensitivity peaks were similar
to those obtained by Robinson et al. (1993), the physiolog-
ical function could not be explained solely by the additive
combination of the four cone types. To account for the dif-
ferences between the cone spectra data and the ERG data,
a quantitative analysis of the cone contributions to the
physiological function was employed. The results of this
multiple-mechanism analysis showed that the best-ﬁt mod-
el to the data represented two nonopponent (UV and S)
cone mechanisms and two opponent cone mechanisms
(M–S and L–M). In addition, a more recent study showed
that the On-response of the massed electrical potential of
the adult zebraﬁsh optic tectum possessed similar cone
mechanisms (McDowell, Houchins, Dixon, & Bilotta,
2004).
The only behavioral spectral sensitivity data from zebra-
ﬁsh comes from the work of Krauss and Neumeyer (2003).
They obtained spectral sensitivity data from 416 to 699 nm
with the optomotor response (OMR) and found peak sen-
sitivity between 550 and 600 nm corresponding to L-cone
spectra. In addition, they reported a decrease in sensitivity
in the short-wavelength region corresponding to an inhibi-
tory contribution.
The fact that the OMR yielded a broadband spectral
sensitivity function is not surprising. OMR investigations
of goldﬁsh spectral sensitivity result in a broadband func-
tion (Schaerer & Neumeyer, 1996) even though electro-
physiological (DeMarco & Powers, 1991) and
psychophysical (Beauchamp & Rowe, 1977; Neumeyer,
1984; Neumeyer & Arnold, 1989; Neumeyer, Wietsma, &
Spekreijse, 1991) assays have concluded that goldﬁsh pos-
sess several sensitivity peaks and some indication of oppo-
nent mechanisms. Thus, the OMR may not be an adequate
tool to investigate chromatic abilities in ﬁsh.
In addition, it may be the case as in the goldﬁsh, that the
particular behavioral paradigm may yield diﬀerent spectral
sensitivity functions. Schaerer and Neumeyer (1996), using
the OMR, found a broadband spectral sensitivity function
dominated by L-cone contribution for goldﬁsh. Beau-
champ and Rowe (1977), using the respiration cessation
classical conditioning paradigm, found three peaks in sen-
sitivity corresponding to S-, M-, and L-cone contributions
and evidence of color opponent mechanisms. Neumeyer
(1984), using an operant conditioning paradigm, found
three peaks in sensitivity corresponding to S-, M-, and L-
cone contributions and also found two signiﬁcant notches
in sensitivity corresponding to opponent interactions
between cone types. Since diﬀerent paradigms may produce
diﬀerent spectral sensitivity functions in goldﬁsh, addition-
al paradigms are needed to assess zebraﬁsh color
processing.
Several studies have shown zebraﬁsh can be trained to
exhibit a choice response by aversive conditioning (Arthur
& Levin, 2001; Gleason, Weber, & Weber, 1977). Behavior-
al paradigms also have been designed that demonstratezebraﬁsh can be trained to demonstrate a choice action
upon a positive outcome; zebraﬁsh have been shown to
learn simple (Bilotta, Saszik, DeLorenzo, & Hardesty,
1999; Williams, White, & Messer, 2002) and relatively com-
plex appetitive tasks (Colwill, Raymond, Ferreira, & Escu-
dero, 2005).
The purpose of this project was to train zebraﬁsh within
an appetitive instrumental conditioning paradigm to swim
to monochromatic stimuli within a three-chamber maze
and derive a behavioral spectral sensitivity function and
compare this function with previously obtained physiolog-
ical spectral sensitivity functions (McDowell et al., 2004) to
determine whether visual processing occurs at diﬀerent lev-
els of the visual system. Some of the data from this study
have been reported in abstract form (Risner, Vukmanic,
& Bilotta, 2005).
2. Material and methods
2.1. Animals
Five adult male and female zebraﬁsh measuring 3–5 cm in length were
used in this study. Subjects were housed in a community aquarium system
(Aquaneering, Model AQ1500TT30FS, Allentown, NJ); water tempera-
ture was maintained at about 28.5 C. The room light cycle was 14 h on
and 10 h oﬀ. Prior to conditioning procedures, ﬁsh were fed tropical ﬂake
food (TetraMin, Blacksburg, VA) and live brine shrimp (San Francisco
Bay Brand, Newark, CA).
2.2. Behavioral apparatus
Fish were conditioned within a behavioral apparatus that was a mod-
iﬁed 19 L glass aquarium. Fig. 1 shows a schematic of the behavioral
apparatus. The behavioral apparatus was 210 mm wide and 350 mm long
and consisted of three main areas: chamber area, home area, and reservoir
area. All areas of the behavioral apparatus were covered in a black mask-
ing material (Little Giant, Oklahoma City, OK) to prevent light scatter.
The chamber area was separated into three chambers by black Plexi-
glas dividers so the visual stimulus could be presented to each chamber
discretely. The chamber area was 210 mm wide and 110 mm long and each
of the three chambers was 68 mm wide and 110 mm long. On the back wall
of each individual chamber, a circular hole, 15 mm in diameter, was cut
into the masking material to allow the presentation of a visual stimulus
into each chamber.
Fig. 2. Spectral emission of the broadband background light. The total
irradiance, measured at the water’s surface, was 5 lW/cm2.
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tition that was 210 mm wide and 250 mm high. The partition contained
three holes 30 mm in diameter that corresponded to the holes in each of
the chambers. The home area was established for ﬁsh to reside between
training trials. The home area was 210 mm wide and 150 mm long. In
addition, an adjustable gate was positioned between the home area and
the chamber area (not shown). The adjustable gate could be raised or low-
ered to allow or deny the subject entrance into the chamber area. The
adjustable gate was 200 mm wide and 250 mm high and the handle of
the gate was 260 mm wide and 30 mm high. The gate contained a row
of three holes that were 30 mm in diameter that corresponded to the holes
in each of the chambers. The row of holes in the adjustable gate was cov-
ered with a strip of Aclar (Honeywell, USA), so that ﬁsh could view the
chamber area while positioned in the home area. The Aclar sheeting trans-
mits 85–90% of the ultraviolet and visible wavelengths used in this study
(Searles et al., 2002).
The home and reservoir areas were separated by a black Plexiglas
divider that was 210 mm wide and 250 mm high. The reservoir area was
used to reduce the size of the home area and was where an aquarium heat-
er (Marineland, Model VTX-50, Mentor, OH) was placed. The heater in
the reservoir area maintained the water temperature between 25 and
29 C. The behavioral apparatus was ﬁlled with 3500 ml of conditioned
water (pH 6.8–7.2).
2.3. Optical system
Visual stimuli were produced with a 150-W xenon arc lamp (Spectral
Energy, Westwood, NJ, Model LH 150). Light from the lamp was colli-
mated and focused by a lens onto an electronic shutter (Uniblitz, Roches-
ter, NY, Model LS6ZM2). Interference ﬁlters (Oriel, Stratford, CT, half-
bandwidth of 10 nm) were used to control for wavelength, and quartz neu-
tral density ﬁlters (Reynard, San Clemente, CA, Model 398) were used to
control for stimulus irradiance. The presentation and termination of a
visual stimulus was controlled by an electronic shutter driver (Uniblitz,
Rochester, NY, Model D122). The light from the optical system was
focused onto a liquid light guide (Oriel, Stratford, CT, Model 77556).
The light guide was held in place by the light-guide holder placed directly
behind the chamber area. The light-guide holder was 210 mm long and
30 mm high and contained three 10 mm (diameter) holes corresponding
to the holes in the back wall of the chamber area. The liquid light guide
was positioned so that the light entered only one of the three chambers
of the behavioral apparatus. Optical blocks were placed in front of the
two untested chambers to prevent stray light from entering the behavioral
apparatus. Stimulus irradiance was measured with a radiometer (Interna-
tional Light, Newburyport, MA, Model IL1400) by placing the photocell
in the opening leading to the chamber area which contained the visual
stimulus; irradiance values (lW/cm2) were converted to log quanta,
s1 cm2 (log q, s1 cm2).
A 150-W tungsten-halogen lamp (Dolan-Jenner, Model MI-150DGF,
Lawrence, MA) was used as the background light. Background irradiance
was measured with the radiometer with the photocell just above the water
in the home area of the behavioral apparatus. Background irradiance was
adjusted to 5 lW/cm2. This irradiance has been shown to suppress rod
contributions to zebraﬁsh ERG spectral sensitivity data (Hughes et al.,
1998). The spectral emission of the background light was measured with
a spectrometer (Ocean Optics, Dunedin, FL, Model USB2000). Fig. 2
shows the relative intensity of the spectral output of the background light.
This background source was similar to the source used in the light-adapted
procedures in previous ERG and tectal recordings in adult zebraﬁsh
(Hughes et al., 1998; McDowell et al., 2004; Saszik, Alexander, Lawrence,
& Bilotta, 2002).
2.4. Instrumental conditioning procedures
During white-light instrumental conditioning, individual ﬁsh were
trained to swim into the chamber of the behavioral apparatus that con-
tained a white-light stimulus (13 log q, s1 cm2). Before training began,ﬁsh were moved from community housing to individual aquaria within
the aquarium system in order to identify ﬁsh. Also, since zebraﬁsh are
schooling ﬁsh (Gleason et al., 1977), individual housing was used to sup-
press schooling behaviors. Fish were placed on a diet restriction where
each was given only a small portion of ﬂake ﬁsh food daily while in the
home aquarium.
White-light conditioning began with behavioral apparatus habituation;
habituation sessions were implemented so that the animal would become
comfortable in the apparatus prior to training. During habituation, sub-
jects were placed in the behavioral apparatus and allowed access into all
of the areas. Each ﬁsh received two 20-min habituation sessions over
two consecutive days.
After two sessions of behavioral apparatus habituation, subjects
received magazine training. Since it has been shown that zebraﬁsh prefer
a dark environment to a lighted environment (Serra, Medalha, & Mattioli,
1999), magazine training procedures were used to break the animal of this
preference by pairing a food reward with the presence of a light stimulus.
A magazine training session began with 5 min of behavioral apparatus
habituation. After habituation time elapsed, the adjustable gate was closed
and the subject began in the home area. Then, the adjustable gate was
raised and the subject was allowed to swim into one of the three chambers.
When the subject swam into one of the chambers, the gate was lowered
and the white-light stimulus was presented in conjunction with a food
reward consisting of 5–10 live brine shrimp. The subject was allowed
30 s to consume the food reward. Afterwards, the gate was raised, and
the subject was allowed back into the home area. After a 10-s intertrial
interval (ITI), a new trial began. There were 20 trials per magazine training
session and three sessions over three consecutive days.
After magazine training, subjects received discrimination training. In
discrimination training, ﬁsh were conditioned to discriminate between
the chamber that contained the white-light stimulus and the two dark
chambers by swimming into the chamber containing the white-light stim-
ulus. During a discrimination trial, the white-light stimulus was presented
into one of the three chambers and the gate was raised. At this point, the
subject produced one of three possible responses: correct, incorrect, or no
response. A correct response was recorded when the ﬁsh swam into the
chamber that contained the white-light stimulus. For a correct response,
the subject received 5–10 live brine shrimp; the ﬁsh was given 30 s to con-
sume the food reward. After the 30 s had elapsed, the white light was ter-
minated, the gate was raised and the subject was then allowed back into
the home area. An incorrect response was recorded when the subject swam
into one of the two dark chambers. For an incorrect response, the subject
remained in the chamber for 30 s. At this point, the gate was raised, the
white light was terminated, the subject was allowed back into the home
area, the gate was closed, and a new trial began after a 10-s ITI. A no
response occurred when the ﬁsh remained in the home area for the 120 s
allotted for a trial. Once the time limit had been reached, the white light
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The visual stimulus was presented to each chamber in a pseudorandom
order; each chamber was tested an equal number of times. There were
21 trials per discrimination training session. Subjects were conditioned
to produce at least 80% correct responses over two consecutive discrimina-
tion training sessions (Bilotta & Powers, 1991; Powers & Easter, 1978).
This was deﬁned as the training criterion.
After a subject was trained to the white-light stimulus, the subject was
trained to a monochromatic wavelength using the same procedures as in
white-light training procedures until training criterion was produced. Once
a subject reached training criterion for a monochromatic stimulus, thresh-
old measurements would begin. This was done in order to ensure that each
subject was at training criterion for each stimulus wavelength to be tested
since it has been shown that training goldﬁsh to a particular visual stimu-
lus does not necessarily generalize to other similar stimuli (Bilotta & Pow-
ers, 1992).
2.5. Threshold testing procedures
Threshold testing for each stimulus wavelength began at a suprathresh-
old irradiance (i.e., training stimulus) with ﬁve pre-session trials. If the
subject produced 80% correct responses to this stimulus, the staircase ses-
sion was continued. If the subject failed to produce at least 80% correct
responses, the staircase session was ended, and the subject was retrained
to the stimulus wavelength. Staircase trials began with 0.9 log unit steps
of attenuation. After two consecutive correct responses, 0.9 log units of
attenuation were added. After one incorrect response or no response,
0.9 log units of attenuation were removed. Threshold values for the
‘‘two-down, one-up’’ (Cornsweet, 1962) staircase procedure approximate
a 71% correct response threshold on a psychometric function (Levitt,
1971).
After the ﬁrst incorrect response was produced, stimulus irradiance
was adjusted to the value at which the last correct response was pro-
duced, and the irradiance was subsequently varied in steps of 0.3 log
units of attenuation. The two-down, one-up staircase procedure was
continued for 40 trials or until at least ﬁve reversals were obtained
(Macmillan & Creelman, 1991). Fig. 3 shows an individual staircase ses-
sion for subject Z14 to a 460-nm stimulus. The ﬁrst ﬁve trials are the
pre-session trials. Since Z14 produced 100% correct responses on these
pre-session trials, the staircase session continued by adding 0.9 log units
of attenuation to the stimulus. At this attenuation value, 1.5 log units,
the subject produced two consecutive correct responses, and 0.9 log
units of attenuation were added. At 2.4 log units of attenuation,
Z14 produced an incorrect response, and the attenuation was adjusted
back to the last correct response value (1.5 log units). For the remain-
der of the staircase session, irradiance was varied by 0.3 log units ofFig. 3. Individual staircase session for subject Z14. Stimulus wavelength
was 460 nm. An attenuation value of 0.0 represents a stimulus irradiance
of log 14.3q, s1 cm2.attenuation for at least 40 trials or until at least ﬁve staircase reversals
were obtained. Stimuli within each staircase procedure were presented
in a pseudorandom order to each chamber of the behavioral apparatus;
each chamber was tested an equal number of times. Once a staircase
session was completed for a particular monochromatic stimulus, anoth-
er stimulus wavelength was tested. Visual threshold testing took place
during the light part of the light/dark cycle between 8:00 am and
7:00 pm central standard time.3. Results
3.1. Discrimination training
The mean learning curve of the 5 subjects for the white-
light discrimination task began at 46% correct (slightly
above chance performance suggesting that learning may
have started during magazine training). Upon subsequent
sessions, percent correct responses increased until the train-
ing criterion was reached. The mean number of trials to
training criterion was 9.4 (SD = 9.52).
After ﬁsh met the training criterion for the white-light
stimulus, the white-light stimulus was replaced with a
monochromatic light of an equivalent irradiance. Overall,
it was found that ﬁsh required additional training to each
monochromatic stimulus presented. Although most sub-
jects did not generalize across stimulus wavelengths, each
participant showed savings between each monochromatic
light that was presented. On the initial training session
for the ﬁrst monochromatic light tested, subjects produced
a higher percentage of correct responses when compared to
the initial training session in the white-light discrimination
task. On the second and following monochromatic-light
test stimuli procedures, most subjects produced a higher
percentage of correct responses on the initial training ses-
sion as compared to the ﬁrst training session of the ﬁrst
monochromatic-light stimulus tested.
3.2. Behavioral spectral sensitivity
Visual threshold was derived by taking the mean of the
stimulus irradiance of the staircase reversals for the last 20
trials using the method of Dixon and Mood (1948). Two
sensitivity values for each wavelength for each subject were
obtained from 340 to 640 nm in 20 nm steps; the mean of
these two values was used as the sensitivity value for that
ﬁsh.
Fig. 4A shows the spectral sensitivity function obtained
for subject Z4. The function shows several peaks in sensi-
tivity. There was a maximal peak at the middle-wavelength
region (520 nm), a peak at the long-wavelength region
(600 nm), and a peak at the ultraviolet wavelength region
(360 nm). Fig. 4B shows spectral sensitivity functions for
all ﬁve subjects. Each of the individual spectral sensitivity
functions was similar in shape; it should be pointed out
that there were individual diﬀerences in sensitivity across
the individual functions, particularly at the middle wave-
lengths. However, in general, each function possessed sim-
ilar peak sensitivity values across the spectrum.
Fig. 4. (A) Individual spectral sensitivity function of subject Z4. Each
datum represents the average of two threshold values. (B) Individual
spectral sensitivity functions of the ﬁve subjects in this study. Subject
identiﬁcation is located in the upper right portion of the panel. Each value
is the average of two separate threshold determinations.
Fig. 5. (A) Mean behavioral spectral sensitivity function. Error bars
represent ±1 standard error of the mean. (B) Mean behavioral spectral
sensitivity function with the ﬁnal cone model. The ﬁlled circles represent
the data and the line depicts the best-ﬁt multiple-mechanism model. The
letters represent the cone inputs to the four mechanisms.
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There were four peak sensitivity values in the mean spec-
tral sensitivity function. The maximal sensitivity value
occurred at 520 nm. There were also peaks in sensitivity
at 360, 420, and 600 nm. Furthermore, there were two
large declines or notches in sensitivity. The largest
depression in sensitivity occurred between 440 and
480 nm. The second decrease in sensitivity occurred in
the long-wavelength region of the spectrum between
560 and 600 nm.
3.3. Assessing cone contributions to the behavioral spectral
sensitivity function
The multiple-mechanism model has been used to assess
cone contributions to the spectrum for a variety of species
(Kalloniatis & Harwerth, 1990; Sperling & Harwerth,
1971) including zebraﬁsh spectral sensitivity obtained from
physiological measures (Cameron, 2002; Hughes et al.,
1998; McDowell et al., 2004; Saszik et al., 2002). The equa-
tion takes the form:
Sk ¼ k1ðA1ðkÞÞ þ k2ðA2ðkÞÞ. ð1ÞFor each mechanism, S(k) equals the sensitivity at a given
wavelength (k), Ax(k) represents the sensitivity of a given
cone type (x) to that wavelength (k), and kx is the weight
given to the cone type for that mechanism. The cone spec-
tra used to model the behavioral data in this study were ob-
tained from microspectrophotometry data recently
reported by Allison, Haimberger, Hawryshyn, and Temple
(2004). They reported four distinct cone spectra with kmax
values of 361, 411, 482, and 565 nm. The decision to use
these cone spectra over other reported spectra for zebraﬁsh
cones (e.g., Cameron, 2002; Robinson et al., 1993) was an
empirical one. Preliminary results (see below for details of
the cone modeling procedures) showed that while all three
sets of cone spectra ﬁt the behavioral data well, the spectra
provided by Allison et al. (2004) ﬁt the behavioral data
slightly better than the other two sets of spectra; this was
assessed by comparing v2 goodness-of-ﬁt analyses and
deriving R2 values between each model and data (the R2
value reports the proportion of the data variance account-
ed for by the model). (The v2 values were 0.018, 0.037, and
0.020 and the R2 values were 0.89, 0.77, and 0.86 for Alli-
son et al. (2004); Cameron (2002); Robinson et al. (1993),
respectively). A cone template for each cone spectra was
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ardovskii, Fyhrquist, Reuter, Kuzmin, & Donner, 2000)
for the 411, 482, and 565 nm cone types and the Palacios
UV-cone template (Palacios, Goldsmith, & Bernard,
1996) with the cone spectra having a kmax of 361 nm.
To ﬁt the spectral sensitivity data to the multiple-mech-
anism model, the mean sensitivity values to each wave-
length were normalized and converted to a linear scale.
Four separate mechanisms were chosen based upon the
sensitivity peaks and breaks in the spectral sensitivity func-
tion. The wavelength regions for the separate mechanisms
were: 340–360, 380–440, 460–580, and 580–640 nm. The
Levenberg–Marquardt algorithm was used to ﬁnd the best
least-squares ﬁt to the data. An overall R2 value was used
to assess the quality of the model ﬁt to the data (Press, Teu-
kolsky, Vetterling, & Flannery, 1992). For details of this
analysis, see Hughes et al. (1998).
To assess whether the multiple-mechanism model pro-
vided a good ﬁt to the behavioral data, a linear-additive
model also was ﬁt to the sensitivity data, with the same
cone spectra, and compared to the results of the multiple-
mechanism model. The linear-additive model assumes that
sensitivity is the result of one mechanism that spans the
entire wavelength range based on the algebraic combina-
tion of the four cone type contributions. To statistically
determine whether one model signiﬁcantly accounted for
more of the variance (R2) than the other, a v2 statistical
procedure which compares ﬁnal R2 values between the
models, was employed (Hays, 1994). This procedure has
been used successfully in the past to compare these models
to zebraﬁsh ERG and tectal spectral sensitivity data
(McDowell et al., 2004).
Fig. 5B shows the best-ﬁt multiple-mechanism model
(line) to the mean spectral sensitivity function (symbols).
The model shows two nonopponent (UV and S) and two
opponent (M–S and L–M) cone mechanisms. The multi-
ple-mechanism model accounted for 0.89 of the variance
in the mean spectral sensitivity data. Statistical analysis
comparing the variance accounted for by the multiple-
mechanism model (R2 = 0.89) and the linear-additive mod-
el (R2 = 0.53) revealed that the multiple-mechanism modelFig. 6. Mean spectral sensitivity functions across three response measures. E
represent the data and the line depicts the best-ﬁt multiple-mechanism model.
wave (A) and tectal On-response (B) data are from McDowell et al. (2004); all p
study. (C) Behavioral spectral sensitivity function of the present study.accounted for signiﬁcantly more of the variance than the
linear-additive model, v2(1) = 5.26, p < .05.
3.4. Comparing behavioral and physiological spectral
sensitivity
Fig. 6 compares the spectral sensitivity of the behavior-
al data in the present study with previously reported phys-
iological sensitivity data from our laboratory (McDowell
et al., 2004). Fig. 6A shows the spectral sensitivity func-
tion obtained from the b-wave response of the adult zeb-
raﬁsh ERG, and Fig. 6B displays the spectral sensitivity
data from the On-response of the massed recordings of
superﬁcial layers of the adult zebraﬁsh optic tectum.
Fig. 6C shows the behavioral data of the present study.
The data from the two physiological responses were re-
modeled with the new cone spectra (see above) to make
them comparable to the cone modeling of the behavioral
data. All three functions were best-ﬁt by a multiple-mech-
anism model with two nonopponent (UV and S) and two
opponent (M–S and L–M) cone mechanisms. However,
the overall sensitivity of the various portions (or mecha-
nisms) of the function did diﬀer from one another. The
function based on the ERG b-wave was more sensitive
to short-wavelength stimuli than the function based on
the tectal On-response. In addition, both ERG b-wave
and tectal On-response sensitivity values were higher in
sensitivity to ultraviolet- and short-wavelength stimuli
than the sensitivity of the behavioral function; the behav-
ioral function was higher in sensitivity to middle-wave-
length stimuli. Table 1 depicts the ﬁnal model weights
(i.e., k values of Eq. 1) for all four cone mechanisms
for each of the three spectral sensitivity functions. To
quantitatively determine whether there were any signiﬁ-
cant diﬀerences in the cone weights across the three
response measures, a v2 goodness-of-ﬁt test was use to
compare the nonzero model weights. The behavioral mod-
el weights were signiﬁcantly diﬀerent from both the ERG
b-wave response (v2(5) = 1195.04, p < .05) and tectal On-
response (v2(5) = 416.70, p < .05) values. Individual v2
analyses, on the cone weights, for each mechanism withrror bars represent ± 1 standard error of the mean. The ﬁlled symbols
The letters represent the cone inputs to the four mechanisms. The ERG b-
revious data were remodeled using the same cone spectra as in the present
Table 1
Final cone weights for the ERG b-wave, tectal On-response and behavior data
ERG Tectal Behavior
Range: Excitatory Inhibitory Excitatory Inhibitory Excitatory Inhibitory
Ultraviolet UV: +1.11 — UV: +1.01 — UV: +0.27 —
Short S: +0.43 — S: +0.25 — S: +0.20 —
Middle M: +0.15 S: 0.28 M: +0.12 S: 0.91 M: +0.93 S: 2.65a
Long L: +0.07 M: 0.11 L: +0.12 M: 0.31 L: +0.33 M: 11.53a,b
The wavelength ranges for the ERG b-wave data were 320–400 (UV), 400–460 (S), 460–540 (M), and 540–640 (L) nm; wavelength ranges for the tectal On-
response data were 320–400 (UV), 400–480 (S), 480–540 (M), and 540–640 (L) nm; wavelength ranges for the behavioral data were 340–360 (UV), 380–440
(S), 460–580 (M), and 580–640 (L) nm.
a Signiﬁcantly diﬀerent from ERG.
b Signiﬁcantly diﬀerent from tectal response; all at p < .05.
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ioral data and the ERG data, as well as between the tectal
On-response and the behavioral data; probability levels
were adjusted with the Bonferroni correction and set at
p < .05. Signiﬁcant diﬀerences were found between the
inhibitory S-cone component of the M–S mechanism
between the behavioral and ERG b-wave models, and
between the inhibitory M-cone component of the L–M
mechanism between the behavioral data and the ERG
b-wave and tectal On-response measures. Thus, the signif-
icant diﬀerences between the physiological measures and
the behavioral measures indicate that the behavioral data
possessed stronger inhibitory components than the physi-
ological measures.
4. Discussion
4.1. Zebraﬁsh instrumental conditioning and generalization
abilities
The present study showed that zebraﬁsh can be instru-
mentally conditioned to perform a relatively diﬃcult visual
task. The present study also found that zebraﬁsh display
weak generalization abilities to visual stimuli. Only one
participant (Z14) responded with 80% correct responses
on stimulus wavelengths after being trained to the white-
light stimulus. In a similar experiment, Bilotta and Powers
(1992) classically conditioned goldﬁsh to cease respiration
by presenting a brief electrical shock upon the presentation
of a particular sinusoidal grating. Once ﬁsh reliably ceased
respiration upon viewing the sinusoidal grating, the stimu-
lus spatial frequency was varied. They found that goldﬁsh
trained to the initial spatial frequency did not generalize to
other spatial frequency stimuli. Thus, as found in the pres-
ent study with zebraﬁsh, goldﬁsh displayed weak general-
ization to sinusoidal gratings of diﬀerent frequencies to
that of the initial training stimulus. The results from both
studies illustrate that when examining sensory thresholds
of animal subjects, one must condition the animal to each
stimulus to which a sensory threshold is obtained to ensure
that the animal is not under the stimulus control of a prior
conditioned stimulus.4.2. Comparing psychophysical spectral sensitivity of
zebraﬁsh and goldﬁsh
The zebraﬁsh spectral sensitivity function obtained in
the present study was qualitatively similar to the goldﬁsh
spectral sensitivity data obtained by Neumeyer (1984).
She found three peaks in sensitivity at diﬀerent wavelengths
corresponding to the S-, M-, and L-cone contributions.
Also, she found two drastic declines in sensitivity that
could not be explained by simply matching the cone spectra
to the data. Neumeyer (1984) proposed that these depres-
sions in sensitivity were the result of ‘‘interactions between
diﬀerent cone mechanisms’’ (p. 1229). She concluded that
the data contained evidence for two opponent mechanisms.
She also concluded that there was little evidence of oppo-
nent mechanisms contributing to the sensitivity near the
short-wavelength peak. In fact, she speculated that the best
way to describe the behavioral sensitivity at this range of
wavelengths was to include some form of cone summation.
Thus, based on Neumeyer’s conclusions, the goldﬁsh spec-
tral sensitivity can be best described as possessing two
opponent mechanisms from middle- to long-wavelengths
and nonopponent mechanisms to short-wavelength stimuli.
Unfortunately, she did not examine sensitivity to ultravio-
let wavelengths so it is not clear how the UV-cones would
contribute to the goldﬁsh spectral sensitivity function. In a
later study however, Neumeyer did demonstrate that gold-
ﬁsh do possess ultraviolet sensitivity (Neumeyer, 1985).
Furthermore, Fratzer, Dorr, and Neumeyer (1994) showed
that goldﬁsh could not discriminate ultraviolet- from short-
wavelength stimuli. Also, Hawryshyn and Beauchamp
(1985), using a classical conditioning paradigm, did dem-
onstrate that goldﬁsh were sensitive to ultraviolet
wavelengths.
Thus, the results from the present study were similar to
those obtained from goldﬁsh. The spectral sensitivity func-
tion of the zebraﬁsh also possessed several peaks and these
peaks were located near the peaks of the cone spectra. The
function also displayed two dramatic decreases in sensitiv-
ity that cannot be accounted for by the cone spectra alone.
These alterations in sensitivity can be best explained by two
opponent mechanisms similar to the mechanisms proposed
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pared to all of the other spectral sensitivity data from gold-
ﬁsh across all of the studies (e.g., Beauchamp & Rowe,
1977; Hawryshyn & Beauchamp, 1985; Powers, 1978;
Schaerer & Neumeyer, 1996; Yager, 1967), the zebraﬁsh
data obtained in this study are most similar to the Neumey-
er (1984) data.
However, there are some discrepancies between the pres-
ent study and Neumeyer (1984). While zebraﬁsh were
trained to swim into the illuminated chamber in this study,
goldﬁsh were trained to swim into the unilluminated sec-
tion of the chamber. In a later study, Neumeyer et al.
(1991) found that when goldﬁsh were trained to the illumi-
nated section of the chamber (the same procedure as in the
present study), the spectral sensitivity function was drasti-
cally diﬀerent. Neumeyer et al. (1991) found several peaks
in sensitivity, but there was no evidence of contributions
from opponent mechanisms. Thus, based upon Neumeyer
et al. (1991), one may have expected not to ﬁnd opponent
mechanisms in the present study. However, this was not the
case. The reasons for this discrepancy are unclear. The dif-
ferences may be the result of species diﬀerences in visual
processing or diﬀerences in behavior during conditioning.
While either may be a possible explanation for the discrep-
ancies, it is more likely that it is the latter. These two spe-
cies have very diﬀerent natural behaviors (e.g., goldﬁsh are
slow swimmers while zebraﬁsh are very rapid swimmers;
Kato et al., 2004), and it is the case that one conditioning
paradigm may work well with one species and not another
(Bilotta et al., 1999). To further support this explanation,
diﬀerent behavioral paradigms result in diﬀerent goldﬁsh
spectral sensitivity functions (Beauchamp & Rowe, 1977;
Powers, 1978; Schaerer & Neumeyer, 1996; Yager, 1967).
In relation to zebraﬁsh visual behavior, only one other
study examined light-adapted behavioral spectral sensitivi-
ty. Krauss and Neumeyer (2003) using the OMR found
evidence for an inhibitory contribution in the short-wave-
length region and a peak in sensitivity in the long-wave-
length region of the spectrum. This is in contrast to the
results of the present study which found several peaks in
sensitivity and two troughs in sensitivity. On the other
hand, the result that sensitivity to short-wavelength stimuli
was lower than expected is similar to the results of the pres-
ent study. Similar ﬁndings have been reported in a recent
study of larval zebraﬁsh optomotor behavior. Orger and
Baier (2005) found that 7-day-old zebraﬁsh responded well
to gratings designed to isolate L- and M-cones, but poorly
to stimuli that isolated UV- and S-cones. The diﬀerent
spectral sensitivity functions obtained by the OMR and
the appetitive instrumental conditioning paradigm used in
this study may be due to the nature of each paradigm.
The OMR is a simple task that is sensitive to measuring
the ability of an animal to detect luminance. The detection
of luminance is a simple behavior important for the surviv-
al of an animal. On the other hand, appetitive instrumental
conditioning is a more complex task that appears to call
upon higher level visual processing systems. It is notsurprising that the spectral sensitivity function obtained
in the present study diﬀers from the function obtained with
the OMR. Across a variety of species, the OMR produces a
nonopponent luminance function which is typically domi-
nated by contributions from one cone type (see Krauss &
Neumeyer, 2003).
4.3. Comparing zebraﬁsh behavioral and electrophysiological
spectral sensitivity
The spectral sensitivity function obtained in the present
study was qualitatively similar to those derived from the b-
wave ERG (Hughes et al., 1998; McDowell et al., 2004;
Saszik et al., 2002) and that of the tectal On-response
(McDowell et al., 2004). Each of these spectral sensitivity
functions consisted of several peaks in sensitivity and con-
tributions from opponent mechanisms. The location of the
peaks and the notches in sensitivity were similar across
studies. The results of the cone modeling analysis across
the three measures were very similar. Each possessed two
nonopponent (UV and S) and two opponent (M–S and
L–M) cone mechanisms.
However, there were diﬀerences between the spectral
sensitivity function derived in the present behavioral study
and the aforementioned physiological studies. First, the
behavioral spectral sensitivity function obtained in the
present study possessed two sharp troughs in sensitivity.
The spectral sensitivity function obtained via the b-wave
ERG and the tectal On-response consisted of two oppo-
nent mechanisms with more subtle decreases in sensitivity.
However, the sharp depressions in sensitivity observed in
the present study were similar to those obtained in similar
psychophysical measures of goldﬁsh spectral sensitivity
(Neumeyer, 1984). This would suggest that there are
stronger inhibitory mechanisms in the behavioral response
compared to those in the physiological measures. This
statement is supported by the fact that the inhibitory
mechanisms of the behavioral data were signiﬁcantly
stronger than the same mechanisms in the physiological
data.
The second diﬀerence observed was that the nonoppo-
nent UV- and S-cone mechanisms in the spectral sensitivity
function obtained in the present study were not as sensitive
as the nonopponent UV- and S-cone mechanisms observed
in ERG b-wave (Hughes et al., 1998; McDowell et al.,
2004) and tectal (McDowell et al., 2004) data. However,
it should be pointed out that there were diﬀerences in non-
opponent sensitivity between the ERG and tectal assays as
well. The ERG b-wave spectral sensitivity analysis showed
that the nonopponent mechanisms were more sensitive
than those of the tectal On-response (McDowell et al.,
2004). This was true especially for the nonopponent S-cone
contributions. It may be the case that nonopponent contri-
butions to visual processing are processed further between
the initial levels of the tectum to the ultimate behavioral
response. The decline in behavioral sensitivity to short-
wavelength stimuli also is supported by the data obtained
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The reduction of sensitivity to ultraviolet- and short-
wavelength stimuli (or the k values of the ﬁnal model)
found in the behavioral function is most likely not due to
the proportional diﬀerences of the various cone types
found in the zebraﬁsh retina. Both UV- and S-cone (SSC
and LSC, respectively) types are quite prominent in the
zebraﬁsh retina with the most recent estimate of 0.17 (see
Cameron, 2002, for a discussion). Another possible reason
for the low sensitivity to ultraviolet- and short-wavelength
stimuli could be due to the transmission properties of the
zebraﬁsh optics. While there have been no studies which
have examined the transmission of zebraﬁsh optics, as
has been done in goldﬁsh (Bassi, Williams, & Powers,
1984), this is an unlikely factor since both physiological
spectral sensitivity measures display a high sensitivity to
ultraviolet- and short-wavelength stimuli (Hughes et al.,
1998; McDowell et al., 2004; Saszik et al., 2002). Finally,
the low sensitivity to ultraviolet- and short-wavelength
stimuli in the behavioral function supports the notion that
the high sensitivity to these wavelengths in the physiologi-
cal measures is not due solely to the spectral properties of
the white background conditions. Similar background
lights were used in both the physiological and behavioral
studies and yet there were substantial diﬀerences in sensi-
tivity to ultraviolet- and short-wavelength stimuli across
the various measures. Thus, if the lack of ultraviolet- and
short-wavelength energy in the tungsten-halogen light
backgrounds (see Fig. 2) increased the sensitivity of the
physiological measures to these wavelengths, similar eﬀects
would have been found in the behavioral data.
The behavioral spectral sensitivity function obtained in
the present study must ultimately stem from various mech-
anisms in the visual system, even though the spectral sensi-
tivity function obtained in this study appears to parallel
those derived in assays of the On-pathway of the visual sys-
tem. The function in this study is more similar to the func-
tion obtained from the ERG b-wave (Hughes et al., 1998)
than that of the ERG d-wave (Oﬀ-pathway) which possess-
es three nonopponent (UV, S, and L) cone mechanisms and
one opponent (M–S) cone mechanism (McDowell et al.,
2004). Furthermore, the function obtained in the present
study is more similar to that obtained from the tectal On-
response than that obtained from the tectal Oﬀ-response
(McDowell et al., 2004); the tectal On-response possesses
two opponent (M–S and L–M) mechanisms and two non-
opponent (UV and S) cone mechanisms, while the tectal
Oﬀ-response possesses three nonopponent (UV, S + M,
and L) cone mechanisms and one opponent (M–S)
mechanism.
However, the actual cone mechanisms used by the zeb-
raﬁsh in visual processing most likely reﬂects a combina-
tion of those signals in both the On- and Oﬀ-pathways of
the visual system and not just a single pathway since the
responses from the two pathways function in collaboration
(Sieving et al., 1994; Wong, Adolph, & Dowling, 2005;Wong & Dowling, 2005). The spectral sensitivity function
obtained in this study is just one analysis of the cone mech-
anisms that the zebraﬁsh may use during visual processing.
As seen in the goldﬁsh psychophysical spectral sensitivity
assays, diﬀerent paradigms may result in diﬀerent spectral
sensitivity functions for the zebraﬁsh as well.
5. Conclusions and future directions
The results from this study suggest that zebraﬁsh can be
instrumentally conditioned to perform a relatively diﬃcult
visual task. The paradigm used in this study could be a
valuable method in assessing visual processing of the zebra-
ﬁsh. The present study also demonstrated that zebraﬁsh
display weak generalization abilities to monochromatic
stimuli. Thus, like goldﬁsh, zebraﬁsh must be trained to
each stimulus in which sensory thresholds are to be
measured.
This study derived a behavioral spectral sensitivity func-
tion from adult zebraﬁsh using an appetitive instrumental
conditioning procedure. The results from the present study
suggest that zebraﬁsh do appear to possess the mechanisms
required for color vision in its behavioral repertoire and
that visual processing occurs at diﬀerent levels of the visual
system. Since the zebraﬁsh has become an important tool
in visual neuroscience and genetics, the data obtained by
this study give credence to past and future investigations
of the neural circuitry involved in the chromatic processing
in this model vertebrate. However, additional investigation
of zebraﬁsh color vision abilities is needed to further estab-
lish the nature of its behavioral color processing. Future
studies which include wavelength discrimination tasks
and spectral sensitivity measures involving chromatic adap-
tation may provide such information.Acknowledgments
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